Geminivirus isolates associated with the epidemic of severe cassava mosaic disease in Uganda were studied and compared with virus isolates from the part of Uganda outside the epidemic area, and with 
Introduction
Mosaic disease of cassava, responsible for enormous ( £1 billion) annual crop losses in Africa (Fargette et al., 1988) and the Indian subcontinent, is caused by whitefly-transmitted geminiviruses. Virus isolates fall into three categories on the basis of their reactions with monoclonal antibodies (MAbs) raised against purified virus particles ( Thomas et al., 1986 ;  e-mail djrobi!scri.sari.ac.uk
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to EACMV) ; and the 3h 93 nt are 98 % identical to EACMV (76 % to ACMV). UgV DNA-A therefore is considered to have arisen by interspecific recombination of EACMV and ACMV. Despite the hybrid nature of their CP, UgV isolates were indistinguishable from ACMV in tests with 20 monoclonal antibodies (MAbs), including seven which reacted with ACMV but not EACMV. The discontinuous epitopes detected by these seven MAbs must involve amino acids which lie in the central part of the CP (residues 74-226) and which differ in ACMV and EACMV. UgV isolates were detected in severely mosaic-affected plants from all 11 widely separated locations sampled. The probable role of recombination in geminivirus evolution in the short to medium term is discussed. Harrison & Robinson, 1988 ; Swanson & Harrison, 1994) . Comparisons of the nucleotide sequences of the complete genomes (DNA-A and DNA-B) of isolates representing two of these categories (Stanley & Gay, 1983 ; Hong et al., 1993) , and of part of DNA-A of an isolate in the third category, indicated that the isolates are not closely related and should be regarded as three separate species, which were named African cassava mosaic virus (ACMV), East African cassava mosaic virus (EACMV) and Indian cassava mosaic virus (ICMV) (Hong et al., 1993) . Results of extensive MAb-based serological tests on mosaic-affected cassava from 20 countries have shown that the three viruses have different, scarcely overlapping, distributions : ACMV in Africa west of the Rift Valley and South Africa ; EACMV in Africa east of the Rift Valley and Madagascar ; and ICMV in India and Sri Lanka (Swanson & Harrison, 1994) .
Cassava mosaic disease was reported in Uganda more than half a century ago (Martin, 1928) , and samples collected in the 1980s from the Kampala area contained a virus serologically identical to ACMV (Swanson & Harrison, 1994 and unpublished results) . However, in about 1988, an extremely severe form of mosaic disease appeared in the north-east of the country and has spread southwards and westwards, advancing about 20 km per year. It has devastated crops, caused cassava cultivation to be abandoned and resulted in starvation in areas where cassava was formerly the staple food (Otim-Nape et al., 1996) . In this paper, we describe nucleotide sequence and serological evidence that a geminivirus, which was found consistently in severely affected plants from the area of the epidemic, is a novel form that has arisen by recombination between EACMV and ACMV.
Methods
Virus sources. Cassava (Manihot esculenta) hardwood cuttings were collected from symptom-expressing plants in fields in Uganda inside and outside the area affected by the severe mosaic epidemic. The cuttings were taken to Dundee, planted in previously sterilized potting compost and the resulting plants were kept at 20-30 mC in a containment glasshouse under licence from the Scottish Office Agriculture, Environment and Fisheries Department. Other plants were grown in the containment glasshouse from cuttings obtained from mosaic-affected cassava plants growing near Msabaha in coastal Kenya and near Dar es Salaam, Tanzania, which are areas where EACMV occurs (Swanson & Harrison, 1994) .
The following virus isolates (with the symptoms shown by their cassava source plants) were studied in most detail :
(a) From the area of the severe mosaic epidemic C39 (very severe mosaic) -Otuboi, Soroti District C70 (severe mosaic) -Mbarara District C74 (very severe mosaic) -Barrack, Mbarara District C100 (very severe mosaic) -Namulonge, Kampala District. MBE6 (mild mosaic) ( l ACMV-U2) SBE1 (moderate mosaic) SBE2 (moderate mosaic) SBE5 (mild mosaic) SBE6 (moderate mosaic) ( l ACMV-U1) SBE11 (severe mosaic).
(c) From outside Uganda EACMV-K2B -Msabaha, coastal Kenya ( l EACMV-K) EACMV-Dar6 -Dar es Salaam, Tanzania ( l EACMV-T) EACMV-Dar7 -Dar es Salaam, Tanzania ( l EACMV-T2) EACMV-YG -Rumphi, Malawi (Hong et al., 1993) ACMV-K -western Kenya (Stanley & Gay, 1983) .
Epitope profiles. The reaction of extracts of cassava leaves with a panel of MAbs was determined by triple antibody sandwich ELISA, essentially as described by Muniyappa et al. (1991) . Leaves were extracted in 10-20 vol. of the Tris-sulphite-containing buffer 2 of Macintosh et al. (1992) . Murine MAbs were raised against purified particles of ACMV (Thomas et al., 1986) , ICMV (Aiton & Harrison, 1989) or okra leaf curl virus (OLCV) from Ivory Coast (Swanson & Harrison, 1993) . The MAbs were used as tissue culture supernatant fluids diluted 1 : 4. Absorbance at 405 nm was recorded after 1-2 h incubation with substrate at room temperature, followed by overnight incubation at 4 mC.
PCR. Nucleic acid samples were obtained from plant leaves by method A of Harrison et al. (1997) or by the method of Gilbertson et al. (1991) . Three pairs of primers were used to amplify the whole DNA-A of isolates C39 and C74, and of a Tanzanian isolate of EACMV (EACMV-T), as three overlapping fragments : UV-AL1\F1 and UV-AL1\R1 ; UV-AL1\F2 and UV-CP\R ; and UV-AL3\F and UV-AL1\R2. DNA-A of isolate C100 was amplified as two fragments with the degenerate primer pairs PAL1v1978\PAR1c715 and PAR1v722\PAL1c1960 [after Rojas et al. (1993)] . A fragment including the intergenic region and the AV2 and coat protein (CP) genes of isolates C70, C74 and EACMV-K was amplified with primers UV-AL1\F2 and UV-CP\R. The intergenic region and the AV2 gene of ACMV-U1 were amplified with primers ACMV-AL1\F and ACMV-AR0\R and the CP gene of ACMV-U2 was amplified with primers ACMV-CP\F2 and ACMV-CP\R2. The sequences of the primers are shown in Table 1 . Reaction mixtures were as in Harrison et al. (1997) . The first reaction cycle comprised 1 min at 94 mC, 2 min at 52 mC and 3 min at 72 mC, and was followed by 35 cycles of 1 min at 94 mC, 1 min at 52 mC and 80 s at 72 mC, and a final 5 min at 72 mC.
Sequence determination and analysis. Except for those from isolate C100, PCR products were recovered, after electrophoresis in a 1 % agarose gel, with the Wizard PCR Preps DNA purification system (Promega) and were cloned in the pT7Blue T-vector (Novagen). Plasmids were purified using a QIAprep Spin plasmid kit (Qiagen) and were sequenced on an ABI model 373A Stretch DNA sequencer (Perkin Elmer) using the PRISM Ready Reaction DyeDeoxy Terminator Cycle sequencing kit. Universal M13 (k40) and T7 promoter primers were used, as well as one additional internal primer, shown in Table 1 . All residues in the sequences were confirmed by their occurrence in different isolates and\or by sequencing in both directions and\or by comparison of duplicate clones. Wherever clones overlapped, their sequences were identical. PCR products from isolate C100 were cloned in pCR-Script Amp SK(j) (Stratagene). Sequence data were obtained from these clones and from subclones in pBluescript II KS(j) (Stratagene) using a Sequenase version 2.0 DNA sequencing kit (United States Biochemical).
Sequence data were assembled and analysed with the aid of the Wisconsin Package version 8.1 programs (Anon., 1994) . PILEUP was used to generate multiple alignments, which were further optimized manually.
Results

Observations on diseased cassava plants
Cuttings collected in 1995 from mosaic-affected cassava plants (mostly cv. Ebwanateraka) growing in southern Uganda in areas not reached by the severe mosaic epidemic were planted at Dundee alongside cuttings obtained from very severely affected plants growing within the area of the epidemic. Many leaves on shoots produced by the preepidemic cuttings developed mild to moderately severe mosaic, but other leaves on the same shoots were symptomless ( Fig. 1) . In contrast, most shoots produced by cuttings from the epidemic area were weak and stunted, and almost all leaves on them were small and distorted with severe mosaic (Fig. 1) . (Stanley & Gay, 1983) renumbered to make residue 1 the A in the conserved nonanucleotide TAATATTAC in the intergenic region (originally residue 153). § Primers are named according to Rojas et al. (1993) .
CBAC
Thus, the two main kinds of symptom observed in field conditions in Uganda were mimicked in vegetative progeny plants in the glasshouse at Dundee. Four plants from outside the epidemic area of Uganda yielded DNA fragments with sequences typical of ACMV when primers ACMV-AL1\F and ACMV-AR0\R were used to amplify DNA from leaf extracts by PCR. In contrast, four plants from the epidemic area of Uganda, and single plants from coastal Kenya and from coastal Tanzania, each yielded DNA fragments with sequences atypical of ACMV when primers UV-AL1\F1 and UV-AL1\R1 were used. These primers did not amplify any DNA fragment from extracts of leaves from mosaic-affected pre-epidemic plants. Determination and analysis of the nucleotide sequences in these and other cloned DNA fragments are described below.
Comparison of complete DNA-A sequences
The complete nucleotide sequence of DNA-A was determined for isolates C39 and C74, and an almost complete sequence was determined for isolate C100, all of which were obtained from very severely affected Ugandan cassava plants. Also, because only a partial DNA-A sequence was available for EACMV (Hong et al., 1993) , the complete sequence was determined for EACMV-T. These sequences were compared with one another and with the sequence of ACMV-K DNA-A published by Stanley & Gay (1983) .
The C74 sequence and the provisional C100 sequence were 98 % identical to that of C39, although their source plants were collected up to 300 km apart (Mbarara, Kampala and Soroti Districts). The total sequence lengths were 2799 nt for isolates C39 (EMBL Z83257) and C74, and 2801 nt for EACMV-T (EMBL Z83256), as compared with 2779 nt for ACMV-K. Comparison of these three kinds of complete sequence revealed a greater percentage identity for C39 and EACMV-T (92 %), than for either C39 and ACMV-K (72 %) or EACMV-T and ACMV-K (68 %). Table 2 Interspecific recombinant geminivirus from cassava Interspecific recombinant geminivirus from cassava products for the three isolates. The nucleotides are numbered in the same way in each sequence, with nt 1 being A in the conserved nonanucleotide TAATATTAC found in the large intergenic region of all geminiviruses. The arrangement of ORFs in DNA-A of C39 and EACMV-T was similar to that in DNA-A of other whitefly-transmitted geminiviruses from the Old World. The positions and sizes of the ORFs were almost the same for the two viruses, the only noteworthy difference being 15 fewer nucleotides at the 3h end of the AC1 gene of EACMV-T. Sequencing of a second independent clone of EACMV-T gave the same result. However, isolates of EACMV were found to differ in the size of their AC1 gene ; in EACMV-K it was the same size as in C39. When ACMV-K was compared with C39 or EACMV-T, all the ORFs differed somewhat in position and four of the six gene products differed in size ( Table 2) .
Comparison of intergenic regions
The intergenic region is the part of DNA-A that differs to the greatest extent among whitefly-transmitted geminiviruses. Great similarity between the intergenic regions of two geminivirus isolates constitutes strong evidence that they are closely related (Rybicki, 1994 ; Padidam et al., 1995) . Sequences of the intergenic regions of three virus isolates from cassava from the epidemic area in Uganda, of one isolate from outside the epidemic area (ACMV-U1), of EACMV-T and EACMV-K, and the equivalent published sequence of ACMV-K, are compared in Fig. 2 . The intergenic regions of the three isolates (C39, C70 and C74) from the epidemic area are identical in length (326 nt) and very similar in sequence. Those of the two EACMV isolates have the same length (328 nt) and strong sequence similarity to one another. The consensus sequence for the C isolates is 95 % identical to that of EACMV-K. The ACMV isolates, in contrast, although very similar to one another, differed considerably from the others in length (308 nt ; 64-66 insertions\deletions) and sequence. These comparisons illustrate the great similarity of the intergenic region of C isolates to that of EACMV isolates, and the difference from ACMV isolates. It was also found that the intergenic region of the C isolates is more like that of the EACMV isolates included in Fig. 2 than that of the EACMV isolate from Malawi studied by Hong et al. (1993) , which is more divergent in the 5h 122 nt but similar in the remainder of the sequence (not shown).
As with the intergenic regions of other whitefly-transmitted geminiviruses, those of the C isolates and EACMV contain various special elements. These include the conserved nonanucleotide motif (TAATATTAC), bounded by sequences capable of forming a stem-loop structure (nt 138-170 in Fig.  2) , and a TATA motif at nt 67-70. In addition, the sequence ATTGGCTG at nt 1-8 in isolate C39 is followed by AATCGGTG at nt 44-51, AATGGGGG at nt 53-60 and the nearly complementary sequence TAACCCCC at nt 84-77. In other geminiviruses, nearly reiterated sequences of this kind interact with the AC1 gene product during viral DNA replication (Fontes et al., 1992 ; Argu$ ello-Astorga et al., 1994) .
Affinities of virus-encoded proteins
The close similarity between C39 and EACMV-T is very evident when the amino acid sequences of their putative gene products are compared with one another and with those of ACMV-K (Table 3) . Of the six gene products, only CP has less 79 (82) 99 (99) 76 (90) than 90 % sequence identity when C39 and EACMV-T are compared, whereas CP is the only product to have 70 % sequence identity when ACMV-K is compared with either of the other two viruses. These data confirm that EACMV and ACMV are at least as distantly related to one another as are other distinct species of whitefly-transmitted geminiviruses, a conclusion reached previously by Hong et al. (1993) on the basis of comparisons including only about half of the DNA-A sequence of a Malawian isolate of EACMV.
CBAH
Novel kind of geminiviral coat protein
In Table 3 , the data for comparison of the CP of C39 and other viruses seem anomalous. In general, the CP of whiteflytransmitted geminiviruses is conserved to a greater extent than any other gene product, as for example between EACMV-T and ACMV-K. However, the CP of C39 is slightly less similar to that of EACMV-T than are the other gene products and, in addition, is more similar to the CP of ACMV-K than to that of EACMV-T. To ascertain whether or not this result is consistent for virus isolates from the epidemic area, nucleotide sequences of CP genes were determined for two other such isolates, for an isolate from the pre-epidemic zone (ACMV-U2) and for EACMV-K ; these sequences are compared in Fig. 3 . The sequences of isolates C39, C70 and C74 differ in only six out of 771 nucleotides. Plainly, the C39 CP gene is fully representative of isolates from the epidemic area. Similarly, the CP genes of ACMV-K and ACMV-U2, isolates collected in different countries and with an interval of at least 15 years between the two collections, are very like one another, as are the CP genes of EACMV-T and EACMV-K. The genes are therefore of three kinds : the C isolates, EACMV and ACMV.
However, closer inspection of Fig. 3 shows that the sequence of the CP gene of the C isolates can be divided into three parts. The 5h part is extremely similar to that of EACMV but different from ACMV, whereas a large central part is very like ACMV but less like EACMV, and towards the 3h terminus the CP gene is again similar to EACMV and different from ACMV. These features are quantified in Table 4 , where data for both nucleotide sequence identity and amino acid sequence identity are given. These data are strong evidence that the CP gene of the C isolates has arisen by recombination between EACMV and ACMV. Because the C isolates differ consistently, and in a characteristic way, from both EACMV and ACMV, they will be referred to subsequently as the Uganda variant (UgV).
The precise sites of recombination cannot be identified from the sequence evidence. However, the 5h site must be between nt 198 and 221 of the C39 CP gene, a 24 nt region where the sequences of ACMV and EACMV are identical (Fig.  3) . The 3h site is at nt 673-680 of the C39 gene, where there is an identical 8 nt sequence in ACMV and EACMV. The sequence around the 3h site is different from that around the 5h site.
Epitope profiles
Twenty MAbs were tested for their reactivity with UgV isolates, EACMV and ACMV. Six of these MAbs (SCR 21, 22, 25, 27, 29 and 33) can detect ACMV but not EACMV or ICMV, three (SCR 54, 56 and 66) detect only ICMV, one (SCR 53) detects ICMV and ACMV, two (SCR 18 and 20) detect all three viruses and the remaining eight detect most or all isolates of ACMV and EACMV (Swanson & Harrison, 1993 . In these tests, the Ugandan isolates from outside the epidemic area and the UgV isolates had epitope profiles typical of ACMV, whereas EACMV-K and EACMV-T2 gave reactions typical of EACMV (Fig. 4) . The few differences between ACMV and individual UgV isolates in the strength of reaction with a particular MAb may reflect uncontrolled differences in virus antigen concentration in the leaf extracts or minor genetic variation.
The reactivity of the UgV isolates with MAbs SCR 21, 22, 25, 27, 29, 33 and 53 indicates that the epitopes so detected, which are all discontinuous (Swanson, 1992) , must involve amino acids in the middle (residues 74 to 226) of the viral CP, where UgV CP and ACMV CP are identical but differ from EACMV CP. Thus although only 16 % of their DNA-A is ACMV-like and 84 % EACMV-like, the UgV isolates would be grouped with ACMV in routine antigenic analyses of the type described by Swanson & Harrison (1994) .
Virus discrimination using PCR
In the initial phases of this work, UgV isolates (including C39, C70 and C74) were distinguished from ACMV because they were detected during PCR with primers UV-AL1\F1 and UV-AL1\R1 but not with the ACMV-specific primers, ACMV-AL1\F and ACMV-AR0\R. However, primers UV-AL1\F1 and UV-AL1\R1 also detected isolates of EACMV. To distinguish the UgV isolates from EACMV, an additional primer, ACMV-CP\R3, was designed. In combination with primer UV-AL1\F1, this primer detected UgV isolates but not EACMV. DNA was amplified both by primers UV-AL1\F1 CBAI Fig. 4 . Comparison of reactions with 20 geminivirus MAbs of virus isolates from inside (C39, C70, C74) and outside (SBE2, SBE5) the epidemic area in Uganda, together with those of EACMV-K (K2B isolate) and EACMV-T2 (Dar7 isolate). Scores represent A 405 ranges as follows : 0 represents 0n30 ; 1 represents 0n31-0n60 ; 2 represents 0n61-1n20 ; 3 represents 1n21-1n80 ; and 4 represents 1n80. MAbs SCR 12-33 were raised against ACMV, SCR 53-66 against ICMV and SCR 105 and 106 against OLCV.
and UV-AL1\R1 and by primers UV-AL1\F1 and ACMV-CP\R3 from all 11 very severely affected cassava plants tested, which each came from a different site located up to 400 km apart in seven districts of Uganda, ranging from Lira in the north to Kampala in the south, Kasese in the south-west and Tororo in the south-east. These results show that UgV isolates were consistently found in very severely affected plants. In contrast, DNA from nine mosaic-affected plants growing outside the epidemic area of Uganda was amplified by the ACMV-specific primers but not by UV-AL1\F1 and UV-AL1\R1 or UV-AL1\F1 and ACMV-CP\R3.
The results described above provide no information on the nature of any DNA-B that might occur in plants infected with UgV isolates. However, no DNA fragment was amplified from extracts of plants containing isolates C39, C70 or C74 with two pairs of primers designed to detect ACMV DNA-B : primers ACMV-BR1\F and ACMV-BR1\R ; and primers ACMV-BL1\F and ACMV-BL1\R.
Discussion
Two important results described in this paper are the discovery of a novel cassava geminivirus variant (UgV) and its association with the severe mosaic disease epidemic in Uganda. However, even more important, scientifically, is the clear evidence that the DNA-A of UgV has arisen by recombination of EACMV DNA-A and ACMV DNA-A. Recombination therefore can occur between two geminiviruses which are regarded (Hong et al., 1993 and this paper) , on the basis of their genomic and biological differences, as separate species. This is the first clear-cut example of such an event having occurred between identified geminivirus species. However, there are hints that recombination has played a role in the evolution of other geminiviruses. For example, most of the putative gene products of the leafhopper-transmitted beet curly top virus (BCTV), classified in subgroup ( l genus) II of the Geminiviridae, have affinities with those of whitefly-transmitted subgroup III geminiviruses whereas the CP is subgroup I-like. The BCTV genome was therefore speculated to have resulted from intergeneric recombination between a subgroup III and a subgroup I virus (Stanley et al., 1986 ; Rybicki, 1994 ; Padidam et al., 1995) . The putative AC1 protein of pepper huasteco virus, found in Mexico, has a few amino acid residues typical of Old World and others typical of New World subgroup III geminiviruses, although the other gene products of this virus are typical of the New World viruses (Torres-Pacheco et al., 1993) . However, this evidence of interspecific recombination is much less strong than that provided by UgV, and the progenitor form(s) remain(s) to be identified. In contrast, evidence for interstrain recombination is convincing, as exemplified by the result of subculturing the pseudorecombinant isolate produced by mixing DNA-A of tomato mottle virus with DNA-B of the distantly related strain known as bean dwarf mosaic virus. The sequence of the intergenic region, common to DNA-A and DNA-B, of the two parent isolates differs at several positions, but that in DNA-B of the pseudo-recombinant was converted to the form found in the DNA-A after a few serial passages in experimental plants (Hou & Gilbertson, 1996) .
Our compelling evidence that geminivirus recombination can occur at the interspecific level has important implications. There are many examples of distinct species of whiteflytransmitted geminiviruses with hosts in common. Where these viruses occur in the same geographical area, numerous opportunities for recombination may exist. Recombination may be contributing, for instance, to emergence of the new forms of geminivirus which are being recorded from pepper and tomato in areas such as Central America and the southern United States (Brown & Bird, 1992) . Recombination events may also have led to the general similarity in antigenic properties Swanson et al., 1992 ; Nateshan et al., 1996) and genome nucleotide sequences (Rybicki, 1994 ; Padidam et al., 1995 ; Hong & Harrison, 1995) of whitefly-transmitted geminiviruses from the same geographical region but with different host ranges. Indeed, we endorse the suggestion (Rybicki, 1994) that recombination is probably a powerful factor in the evolution of whiteflytransmitted geminiviruses, not only in the long term but also in the short to medium term.
The occurrence of interspecific recombination in geminiviruses also has implications for geminivirus taxonomy and the vexed question of delineation of geminivirus species. Various pragmatic proposals have been made to assist in this objective, based either on the degree of difference of total nucleotide sequences, of sequences of encoded gene products in general or of sequences of large intergenic regions, or on the ability of two viruses to form pseudo-recombinants (Padidam et al., 1995 ; Hong & Harrison, 1995) . All these have merit. However, short cuts, such as assignment to species on the basis of the sequence of the 70 N-terminal amino acids of the CP (Padidam et al., 1995) , can give unreliable answers if applied to recombinant virus isolates. Thus, the special characteristics of UgV were detected only when other parts of its genome were examined .
Can the sequence information now available be used to decide whether UgV is best considered as a strain of the parent that provided most of its DNA-A, EACMV, or whether it should be given a distinct species name? Precedents for this situation are provided by naturally occurring tobravirus isolates, such as N5 and I6 (Robinson et al., 1987) . The RNA genomes of tobraviruses are bipartite, and in these isolates RNA-1 was typical of tobacco rattle virus (TRV) but RNA-2 contained the coat protein gene of pea early-browning virus (PEBV) inserted in an otherwise TRV-like molecule. Both N5 and I6 induced symptoms like those of TRV, and pseudorecombinant isolates were produced by reassorting their genome parts with those of TRV but not, in most combinations, with those of PEBV. Thus, they belonged to the gene pool, and had the pathogenicity, of TRV and were considered to be TRV strains. With regard to UgV, the affinities of its DNA-B, if present, are unknown, and tests for pseudo-recombination have not been done. Moreover, its pathogenicity on a range of hosts needs to be explored. Until such information is available, we recommend that the noncommittal designation, UgV, should be used.
